Introduction
============

Over 34 million Americans aged 12 or over report lifetime use of cocaine, with an estimated 1 million new users of cocaine each year.^[@ref1]^ The negative health and economic consequences of cocaine use on society are considerable, with cocaine use associated with potentially fatal cardiovascular events such as arrhythmias, myocardial infarction, and cerebral hemorrhage. In common with other substance-use disorders, cocaine addiction is characterized by a compulsive need to seek and take the drug, a loss of control over the amount of drug consumed, and by periods of attempted abstinence closely followed by relapse to drug-taking behavior.^[@ref2]^ The mechanisms by which cocaine comes to dominate the behavioral repertoire in this manner remain unclear. Emerging evidence suggests that cocaine and other addictive drugs modify the transcriptional landscape of neurons in brain reinforcement circuits and drive the increasing control over behavior exerted by the drug. Cocaine can modify gene expression, and hence neuronal function, at the transcriptional and translational level. Much current work is focused on understanding the chromatin-modifying actions of cocaine that influence gene expression levels.^[@ref3]^ However, far less is known about the mechanisms by which cocaine impacts gene translation. As described below, microRNAs (miRNAs) are small noncoding regulatory RNAs that play key roles in regulating protein translation and that have been recently implicated in regulating the addiction-relevant behavioral effects of cocaine in rodents.

Modeling compulsive drug intake in rodents
==========================================

In order to investigate the underlying neurobiology of compulsive cocaine intake, it is necessary to employ an animal model that accurately recapitulates many aspects of the compulsive cocaine seeking seen in human addicts. Loss of control over the amount of drug consumed marks the transition from controlled drug use to the compulsive drug intake that is a central feature of addiction. Periods of extended drug availability and resultant excessive drug consumption are likely a critical factor triggering the development of compulsive drug seeking in humans and a loss of control over intake.^[@ref4]-[@ref8]^ Indeed, in human drug users a sudden increase in drug availability can precipitate the transition from low to high (and increasingly uncontrolled) levels of drug use.^[@ref9]-[@ref11]^ Such "escalating" levels of drug consumption by human drug users in response to increased drug availability can be observed for most drugs of abuse.^[@ref9],[@ref12],[@ref13]^ Animal studies utilizing the intravenous cocaine selfadministration procedure have shown that periods of extended daily access to cocaine and other addictive drugs can trigger escalating cocaine intake in rats similar to that observed in human drug users.^[@ref7],[@ref11],[@ref14],[@ref15]^ Rodents also show escalating levels of intake during extended daily access to self-administered heroin,^[@ref16]^ nicotine,^[@ref17]^ or methamphetamine.^[@ref18]^ Prolonged access to cocaine also results in the development of drug-seeking responses (lever presses) that become progressively less sensitive to the suppressant effects of a noxious stimulus (cue that predicts the onset of aversive footshocks).^[@ref14]^ This compulsive-like responding for cocaine in rats is similar to the drug seeking observed in human addicts that persists even in the face of negative social, economic, and/or health consequences associated with their drug habit.^[@ref2]^ Prolonged cocaine intake (\>3 months) can trigger cocaine responding that persists even when drug delivery is directly paired with punishing electric shock.^[@ref15]^ Thus, a history of extended drug access can induce an addiction-like state in rats, characterized by a loss of control over the amounts of drug consumed (reflected in escalating daily intake),^[@ref7],[@ref11],[@ref14],[@ref15]^ and drug seeking that is impervious to negative outcome.^[@ref5],[@ref8],[@ref19]^ Understanding the underlying neurobiological mechanisms of these processes in rats may reveal novel insights into the addiction state in humans.

Role of the striatum in cocaine addiction
=========================================

The psychomotor stimulant effects of cocaine and other drugs of abuse are related to increases in dopamine levels in the corpus striatum.^[@ref20]-[@ref22]^ Ventral domains of the striatum, particularly the shell region of the nucleus acumbens and the olfactory turbercle, play an important role in the rewarding effects of cocaine in rodents upon initial exposure to the drug.^[@ref23],[@ref24]^ The core region of the nucleus accumbens appears to be important for the satiating effects of cocaine,^[@ref25],[@ref26]^ and may also regulate the enhancement of drug seeking that is observed in the presence of response-contingent pavlovian cues.^[@ref27],[@ref28]^ By contrast, the dorsal striatum does not appear to play a role in the motivational properties of cocaine or other addictive drugs, although cocaine and other drugs increase extracellular dopamine levels in this brain region.^[@ref23],[@ref29]^ Instead, it seems that the dorsal striatum is "recruited" by repeated drug intake and contributes to the enhancement of drug-seeking induced response-contingent pavlovian cues after overtraining.^[@ref30]^ Similarly, the dorsal striatum regulates habitual^[@ref31]^ and punishmentresistant^[@ref32]^ drug-seeking behaviors that emerge after extensive exposure to the drug. This suggests that ventral portions of the striatum control the acute reinforcing properties of addictive drugs, whereas dorsal striatum regulates the habit-like consumption that defines addiction. Understanding these mechanisms by which cocaine rewires the striatum to drive compulsive-like drug-seeking responses may reveal novel treatment strategies for drug addiction.

Mechanisms of drug addiction
============================

Susceptibility to substance abuse disorders aggregates in families, with rates of drug abuse higher among relatives of drug-dependent individuals than in the general population.^[@ref33],[@ref34]^ There is approximately a 4- to 8-fold increase in risk of substance abuse disorders in individuals with an affected first-degree family member across a wide range of abused substances, including cocaine, alcohol, nicotine, opiates, and cannabis.^[@ref34]-[@ref36]^ The transmission of vulnerability to substance abuse is largely independent of familial aggregation of other psychiatric disorders.^[@ref35]-[@ref38]^ Adoption studies have shown far greater similarities between substance abuse phenotypes with biological relatives than with adoptive family members.^[@ref39],[@ref40]^ Further, heritability of substance-abuse disorders is significantly higher in monozygotic compared with dizygotic twins.^[@ref41]^ Indeed, data from twins suggest that approximately 50% of vulnerability to addiction is heritable.^[@ref40]^ Genetic transmission of substance-abuse disorders does not appear to follow simple Mendelian inheritance. In common with other complex diseases, substance-abuse disorders instead appear to depend on the contribution of multiple susceptibility genes that act in concert with epigenetic and environmental factors to increase vulnerability to addiction.^[@ref39],[@ref41]-[@ref44]^ Taken together, these observations support a strong genetic component to addiction vulnerability.

Although there is a strong genetic component to vulnerability, at its root addiction to cocaine and other drugs of abuse is considered a drug-induced disorder of neuroplasticity.^[@ref43],[@ref45]-[@ref55]^ Indeed, cocaine addiction can be conceptualized as a disorder in which excessive cocaine consumption, in conjunction with genetic and environmental influences, manifests enduring neuroplasticity in brain circuitries that regulate reward and cognitive and emotional processing, and it is this plasticity that drives compulsive drug seeking. With the emerging appreciation that maladaptive neuroplasticity mechanisms drive addiction, much emphasis has been placed on such adaptations in addiction-related brain areas. In particular, considering that cocaine and all other major drugs of abuse increase dopamine transmission in the mesocorticolimbic system,^[@ref56]^ dopamine-dependent plasticity in mesocorticolimbic neurons has been a major focus of investigation. Nestler and colleagues have shown that cocaine engages "epigenetic" machinery in brain reward circuitries, and that this action influences gene expression in response to cocaine and thereby controls behavioral responses to the drug. Indeed, chromatin immunoprecipitation (ChIP) assays from mouse striatal tissues have revealed that chronic cocaine treatment induced marked increases in acetylation state of core histones in the promoter regions of the *FosB, brain-derived neurotropic factor (BDNF),* and *Cdk5* genes,^[@ref44]^ which have all been implicated in regulating the motivational properties of cocaine. Histone acetylation is catalyzed by histone acetyltransferases (HATs) and deacetylation is catalyzed by histone deacetylases (HDACs). HDACs catalyze the removal of acetyl groups from histone tails, resulting in more tightly compacted DNA-histone complexes, decreased access of transcription factors to gene promoter regions, and reductions in gene expression. Importantly, chronic but not acute cocaine treatment decreased the function of histone deacetylase 5 (HDAC5) in the nucleus accumbens (NAcc) of mice,^[@ref57]^ an action of cocaine that may explain the observed increase in acetylation of core histones in the promoter regions of *FosB, BDNF,* and *Cdk5* genes and the wellcharacterized increase in the expression of their associated proteins after chronic cocaine exposure.^[@ref58]-[@ref62]^ Further, viral-mediated overexpression of HDACs in striatal tissues decreased,^[@ref44],[@ref57]^ whereas genetic or pharmacological knockout of striatal HDACs increased sensitivity to the rewarding effects of cocaine, as measured in a place conditioning procedure.^[@ref44],[@ref57]^ These data demonstrate that cocaine-induced modifications in histone acetylation state play a critical role in regulating the effects of cocaine in mice. More recently, histone methylation and other chromatin modifications, and even DNA methylation status, have all been implicated in regulating cocaine-induced changes in gene expression in brain reward systems.^[@ref3],[@ref63]-[@ref67]^

MicroRNAs: role in the central nervous system
=============================================

In addition to regulating gene expression, cocaine may also influence neuroplastic responses in brain reward systems by influencing gene translation. One recently implicated mechanism of post-transcriptional gene regulation through which cocaine may act is through the miRNAs. The miRNAs are a class of small ncRNAs^[@ref68]-[@ref70]^ that regulate gene expression through direct binding to the 3\' UTR of gene targets and blocking their translation into encoded protein or triggering their destabilization and degradation.^[@ref71]^ Many hundreds of miRNA species have been identified in plants and animals.^[@ref72]-[@ref76]^ In animals, miRNAs bind to the 3\'UTR of target transcripts by incomplete complementary base-pairing, particularly at a portion of the 5\' end of the miRNA termed the miRNA "seed" region. This imprecise complementary base-pairing means that potentially many hundreds of mammalian gene transcripts can be regulated by a single miRNA.

Expression profiling has shown that the expression levels of many miRNAs is dynamically regulated during development,^[@ref77],[@ref78]^ consistent with an emerging understanding for their important role in the development of brain structure and function.^[@ref77],[@ref78]^ Dicer-deficient zebrafish, which lack all mature miRNAs, displayed marked defects in neural development.^[@ref79],[@ref80]^ In *Drosophila,* dicer null mutation results in accumulation of pathogenic polyglutamine protein, a potent neurodegenerative agent.^[@ref81]^ Further, deletion of miR-8 in flies can directly drive neurodegeneration.^[@ref82]^ In mice, it was recently shown that miR-124 plays a critical role in differentiation of progenitor cells to mature neurons,^[@ref83]^ similar to its role in zebrafish described above.^[@ref80]^ Further, conditioned deletion of Dicer in Purkinje cells of mice resulted in cell-specific death of these cells, degradation of the cerebellum (within which Purkinje cells are located), and concomitant development of ataxia.^[@ref84]^ These findings demonstrate that miRNAs play a central role in neuronal development and survival.

In addition to their role in brain development, miRNAs also play a key role in adult brain function. By combining laser capture with multiplex real-time PCR, hundreds of miRNAs have been shown to demonstrate somatodendritic localization within mature neurons.^[@ref85]^ Based on this spatial pattern of expression, it is likely that miRNAs also play a role in the later stages of neuronal maturation and synapse formation.^[@ref77],[@ref78]^ Indeed, miRNAs can be transported away from their site of formation in the cell body of neurons to points of synaptic contact, implying a role for such miRNAs in synaptic development and plasticity.^[@ref86]^ Memory formation in *Drosophila* can drive degradation of the RISC-associated protein Armitage that is localized to the synapse.^[@ref87]^ This action results in the release of mRNAs (eg, CaMKII mRNA) that had been targeted for degradation in a RISC-dependent manner^[@ref87]^ and induction of memory-dependent protein synthesis.^[@ref87]^ In addition to Armitage, and its mammalian equivalent, Moloney leukemia virus 10 MOV10, several other important components of the miRNA biosynthesis cascade, such as Fragile X mental retardation protein (FMRP),^[@ref88]-[@ref90]^ are also localized to sites of synaptic contacts and regulate synaptic function. Indeed, FMRP has been shown to regulate the actions of many CNS-enriched miRNAs on neuronal morphology and dendritic spine development.^[@ref91]-[@ref95]^ Considering their enrichment at the synapse, it was proposed that miRNAs may play an important role in the induction and stabilization of long-term memories.^[@ref87],[@ref96]^ Indeed, there is now overwhelming evidence that miRNAs regulate almost all aspects of memory-associated structural and functional plasticity in brain; for recent references see refs [@ref97],[@ref103].

Role for miRNAs in the rewarding effects of cocaine
===================================================

To determine if miRNAs may play a role in regulating the motivational effects of addictive drugs, we recently examined the effects of conditionally deleting Argonaut 2 (Ago2) in D2 receptor-expressing medium spiny neurons (MSNs) in striatum. These neurons, also known as striatopallidal or "indirect" neurons, are thought to play a key role in response inhibition, with deficits in their function perhaps contributing to the development of compulsive drug use.^[@ref104]^ Ago2 is a core component of the RNA-induced silencing complex (RISC), which regulates the maturation and function of miRNAs. Deletion of Ago2 broadly in striatopallidal neurons was achieved by breeding Ago.^fl/fl^ mice with mice expressing Cre recombinase under the control of the D2 receptor promoter. It was found that brain anatomy and striatal integrity were not impacted but, as expected, miRNA expression and function was disrupted by deletion of Ago2 in these neurons.^[@ref105]^ Importantly, this genetic manipulation abolished the rewarding effects of cocaine, measured using a conditioned place preference (CPP) procedure.^[@ref105]^ Processes independent of drug reinforcement, such as spatial learning deficits, can confound CPP. Therefore, to more rigorously investigate the involvement of striatal miRNAs in the motivational properties of cocaine we assessed intravenous cocaine self-administration in the Ago2-D2-ablated mice. Mutant animals self-administered far less cocaine than control mice across the entire cocaine dose-response curve when tested under a 1-h session on a fixed ratio 5 time-out 20 sec schedule of reinforcement use.^[@ref104]^ Responding for food was not impacted in the mutant mice responding under the same reinforcement schedule,^[@ref104]^ suggesting that decreased cocaine intake was not secondary to deficits in behavioral performance.

The above findings support a role for miRNAs in striatum in regulating drug reward, but which miRNAs are involved? Many laboratories have identified specific miRNAs whose expression is altered by exposure to drugs of abuse and that may play a role in regulating their motivational properties. Indeed, expression of various miRNAs is altered in the prefrontal cortex, striatum and other addiction-relevant brain sites in response to exposure to drugs of abuse. As detailed lists describing which miRNAs are altered in response to particular drugs are presented elsewhere, these effects won\'t be considered here.^[@ref106]-[@ref112]^ Instead, the impact of altering expression of specific miRNAs on the motivational properties of addictive drugs will be considered. Chandresekar and Dreyer have shown that the miRNAs, miRNA-124a and let-7d, were downregulated in striatum in response to cocaine treatment.^[@ref113]^ Moreover, virus-mediated overexpression of these miRNAs in striatum decreased expression of BDNF and the dopamine D3 receptor, two key regulators of drug-seeking behaviors.^[@ref113]^ This suggests that miRNA-124a and let-7d may regulate cocaine-induced remodeling of the striatum and thereby influence the motivational properties of the drug. Consistent with this possibility, overexpression of these miRNAs in striatum, specifically in the nucleus accumbens region, decreased the conditioned rewarding effects of cocaine, whereas their inhibition increased these effects, as measured using a CPP procedure.^[@ref114]^

Role for miRNAs in regulating cocaine intake
============================================

As noted above, rats permitted to self-administer cocaine during extended (≥ 6 h) but not restricted (1 h) daily session demonstrate the emergence of compulsivelike cocaine intake, including escalation of daily cocaine intake reminiscent of the increasingly uncontrolled intake seen in human addicts bingeing on the drug. Our laboratory has used miRNA gene expression arrays to characterize miRNA expression profiles in striatum of cocaine-naive rats and in rats with restricted or extended daily access to cocaine. We also assessed miRNA expression in "yoked" rats that received cocaine infusions noncontingently when rats in the extended access group volitionally consumed the drug. We found that two miRNAs, miR-212 and miR-132, were upregulated in the striatum of the extended access rats 24 hours after the last cocaine self-administration session relative to the yoked, restricted access and cocaine-naive control groups.^[@ref115]^ We verified these findings using Taqman assay.^[@ref115]^ These two miRNAs are arrayed in tandem in the miR-212/132 cluster located on chromosome 17 in humans and chromosome 10 in rats.^[@ref116]^ As such, both miRNAs are thought to function similarly. Next, to investigate the potential role for the miR-212/132 cluster in regulating cocaine intake we used a lentivirus to overexpress miR-212 in striatum of rats (Lenti-miR-212 rats) and assess the impact on self-administration behavior. We found that miR-212 overexpression did not impact cocaine intake in rats with restricted access.^[@ref115]^ By contrast, striatal miR-212 overexpression strikingly reduced the motivation to consume cocaine in rats with extended access to the drug, reflected in progressively decreasing levels of cocaine intake across sessions.^[@ref115]^ This progressively increasing inhibitory effect of miR212 on cocaine intake is opposite to the escalating rates of cocaine consumption typically observed in extended access rats. Conversely, disruption of miR-212 signaling in striatum, achieved through local infusion of an antisense oligonucleotide against miR-212, accelerated the emergence of escalated cocaine intake in extended access rats.^[@ref115]^ These data suggest that miRNAs can regulate cocaine intake and potentially impact the development of compulsive consumption of the drug.

The mechanisms by which miR-212 influences cocaine intake has also been explored. The miR-212/132 gene cluster is highly responsive to the cAMP signaling cascade, with both miRNAs upregulated by cAMP response element binding protein (CREB).^[@ref116],[@ref117]^ We found that levels of phosphorylated (activated) CREB are increased in striatum of rats with extended but not restricted cocaine access^[@ref115]^ --- those that show upregulated miR-212 levels. An emerging theme in the miRNA field is the observation that miRNAs often feedback onto the signaling cascade that triggered alterations in their expression to amplify or curtail activity of these same signaling cascades.^[@ref118]^ As CREB activity is known to regulate the motivational properties of cocaine,^[@ref119]-[@ref121]^ we investigated the possibility that miR-212 may regulate CREB activity. We found that miR-212 dramatically boosts CREB signaling in cultured cells and in the striatum of rats.^[@ref115]^ We used a hypothesis-driven approach to identify the gene targets for miR-212 that may explain its actions on CREB. It is known that Rafl kinase can phosphorylate adenylyl cyclases to sensitize their activity, thereby increasing cAMP production and CREB activation, eg ref 123. Interestingly, SPRED1 is a known inhibitor of Rafl activity and also a predicted target of miR-212 (www.targetscan.com). We found that miR-212 can repress SPRED1 expression in cultured cells and in striatum^[@ref115]^), and thereby activates Rafl, which stimulates CREB activity. Moreover, we showed that enhancing CREB activity in striatum (accomplished by overexpressing the CREB coactivator CRTC1) decreased cocaine intake in rats with extended access to the drug. These findings show that mir-212 plays a key role in regulating cocaine intake and highlight an emerging signaling "motif" in which miRNAs play central roles in regulating signaling strength in neurons by controlling the activity of signaling cascades that modify their expression.

Role for miRNAs in regulating alcohol intake
============================================

In addition to cocaine and other psychomotor stimulants, miRNAs have also been shown to regulate the motivational properties of alcohol. Volitional alcohol intake decreased miR-124a expression in the dorsolateral portion of the striatum of rats,^[@ref123]^ and virus-mediated overexpression of miR-124a in striatum decreased alcohol-induced CPP and reduced alcohol drinking in rats.^[@ref123]^ Li and coworkers have shown that alcohol consumption by rats decreased expression of miR-382 in accumbens in rats.^[@ref124]^ It was also shown that miR-382 negatively regulates dopamine DI receptor expression, and thereby attenuates alcohol-induced increases in the transcription factor AFosB,^[@ref124]^ known to play an important role in the rewarding effects of alcohol and other addictive drugs.^[@ref125]^ Importantly, virus-mediated overexpression of miR-382 in accumbens attenuated alcoholinduced increases in AFosB expression and reduced alcohol intake in rats.^[@ref124]^ Most recently, Tapocik and colleagues have shown that escalating levels of alcohol intake in alcohol-dependent rats increased expression of miR-206 in prefrontal cortex,^[@ref126]^ a miRNA thought to play an important role in cellular responses to stress but also shown to play a key role in muscle development and cancer.^[@ref127]^ Expression of miR-206 was unaltered by alcohol in accumbens or amygdala.^[@ref127]^ It is established that miR-206 negatively regulates expression of brain-derived neurotropic factor (BDNF),^[@ref128]-[@ref131]^ which is known to play a key role in the motivational effects of alcohol and other addictive drugs.^[@ref132]^ Accordingly, it was found that alcohol-induced upregulation of miR-206 in prefrontal cortex was associated with a decrease in BDNF expression.^[@ref127]^ Moreover, virus-mediated miR206 overexpression also decreased BDNF expression and accelerated the development of escalating levels of alcohol intake in rats.^[@ref127]^

Transcription **factor-miRNA** interactions control sensitivity to drug reward
==============================================================================

As noted above, an emerging theme in miRNA biology is the fact that miRNAs will often feed back onto the same signaling cascades that regulate their expression. The repressive effect of miRNAs on translation make them ideally suited to fulfill such feedback roles in moderating signaling cascades,^[@ref118]^ which may serve to stabilize signaling cascades by protecting against random fluctuations and facilitate stable cellular states.^[@ref133]^ Considering the pronounced effects of miR-212, and other miRNAs described above, in regulating the motivation to self-administer addictive drugs, our laboratory has investigated the transcriptional mechanisms by which miR-212 (and other miRNAs) expression is controlled. Loss-of-function mutations or duplications of the methyl CpG binding protein 2 (MeCP2) gene cause Rett syndrome (RTT) in humans,^[@ref134],[@ref135]^ a neurodevelopmental disorder associated with severe mental retardation. MeCP2 is an epigenetic factor that binds to methylated cytosine residues of CpG dinucleotides in DNA and can recruit HDACs and other transcriptional repressors to inactivate target gene expression.^[@ref136]^ Interestingly, MeCP2 expression is known to be negatively regulated by miR-212.^[@ref137]^ We found that MeCP2 level\'s were increased in the striatum of rats with extended but not restricted daily access to cocaine,^[@ref137]^ and that virusmediated knockdown of MeCP2 in striatum enhanced the effects of cocaine on miR-212 expression.^138^ We also found that MecP2 knockdown in striatum dramatically decreased cocaine intake in rats. This effect was reversed by antisense oligonucleotide-mediated inhibition of miR-212 signaling expression.^[@ref137]^ These findings suggest that MecP2 attenuates cocaine-induced increases in miR-212 activity and increases the motivation to consume cocaine and that, in turn, miR-212 negatively regulates MeCP2 expression. Hence, homeostatic interactions between miR-212 and MeCP2 are likely to play an important role in regulating sensitivity to the motivational effects of cocaine.

Conclusions and future directions
=================================

The above findings demonstrate that miRNAs, including miR-212, regulate the motivational properties of drugs of abuse. miRNAs regulate drug intake by impacting a wide range of downstream signaling cascades known to influence the rewarding properties of addictive drugs. This highlights the pleiotropic nature of miRNAs and how well-positioned they are to orchestrate intracellular signaling events in order to control the motivational properties of drugs. Important areas of future research will include achieving a more in-depth understanding of the intracellular signaling cascades, and broader understanding of impacted biological functions, impacted by addiction-relevant miRNAs. Also important will be understanding the mechanisms by which miRNAs activities are regulated, from miRNA transcription to the protein complexes that direct their activities.
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